In striated muscle the structural genes associated with muscle fiber phenotype determination as well as muscle mass accretion are regulated largely by mechanical stimuli. Passive stretch of skeletal muscle stimulates muscle growth/hypertrophy and an increased expression of slow muscle genes. We previously identified Ankyrin repeat domain protein (Ankrd2) as a novel transcript expressed in fast tibialis anterior (TA) muscles after 7 days of passive stretch immobilization in vivo. Here we test the hypothesis that the expression of Ankrd2 in stretched fast muscle is associated with the stretched-induced expression of slow muscle phenotype rather than the hypertrophic response. Our results show that in 4 and 7 days stretched TA muscle the expression of Ankrd2 mRNA and protein was significantly upregulated (p> 0.001).
ABSTRACT
In striated muscle the structural genes associated with muscle fiber phenotype determination as well as muscle mass accretion are regulated largely by mechanical stimuli. Passive stretch of skeletal muscle stimulates muscle growth/hypertrophy and an increased expression of slow muscle genes. We previously identified Ankyrin repeat domain protein (Ankrd2) as a novel transcript expressed in fast tibialis anterior (TA) muscles after 7 days of passive stretch immobilization in vivo. Here we test the hypothesis that the expression of Ankrd2 in stretched fast muscle is associated with the stretched-induced expression of slow muscle phenotype rather than the hypertrophic response. Our results show that in 4 and 7 days stretched TA muscle the expression of Ankrd2 mRNA and protein was significantly upregulated (p> 0.001).
However in fast muscles of kyphoscoliotic mutant mice, which lack the hypertrophic response to overload but have a slower muscle phenotype than their wildtype littermate, Ankrd2 expression was significantly upregulated. The distribution pattern of Ankrd2 in fast and slow muscle is also in accord with their slow fiber composition. Furthermore it was markedly downregulated in denervated rat soleus muscle, which produces a pronounced shift towards the fast muscle phenotype. Using a sensitive proteomics approach (Ciphergen technology) we observed that Ankrd2 protein was undetectable in soleus after 4 weeks of denervation. We suggest that Ankrd2, which is also a titin binding protein, is a stretch response gene associated with slow muscle function and that it is part of a separate mechanotransduction system to the one which regulates muscle mass.
INTRODUCTION
Mammalian skeletal muscles consist of populations of slow contracting, fatigue resistant, oxidative fibers which are adapted for slow repetitive or postural type of contractile activity and also fast contracting, highly fatigable, glycolytic fibers that are recruited for fast phasic movements (30, 36) . These muscle fiber types differ phenotypically in that they express different subsets of myofibrillar protein isoforms as well as different types and levels of metabolic enzymes suited to the type of function they perform. A remarkable property of skeletal muscle fibers is their ability to change phenotype in response to developmental and environmental stimuli (11) . Endurance training converts fast muscles towards a slow phenotype (38) whereas strength training causes muscle fiber hypertrophy and a shift to a fast phenotype (37) . Increased load and passive stretch also have marked effects on muscle mass and fiber phenotype. In response to immobilization in the stretched position, the tibialis anterior (TA) muscle of the rabbit has been shown to undergo hypertrophy and increase the expression of its slow type 1 myosin heavy chain isoform (42) . The hypertrophic response allows the muscle to add more sarcomeres in series and to increase in mass whilst the expression of slow fibers enables the muscle to adopt a more economical contractile phenotype (41) . This inherent ability of skeletal muscle to adapt to increased functional length imposed by passive stretch, is related to its ability to "switch on" or "switch off' different genes and to alter the general levels of expression of different subsets of genes (3, 12) . The regulation of such phenotypic changes is complex and our current understanding of the process is fragmentary.
In a search for key stretch-activated genes in muscles we reported the identification of Ankyrin repeat domain protein (Ankrd2) gene, which in normal mature muscle is expressed preferentially in slow type 1 muscle fibers (34, 33) . Following a single bout of eccentric contraction Ankrd2 mRNA is upregulated and may therefore be considered as an immediate/early response gene (3) . Ankrd2 mRNA encodes a protein, which has four and a half ankyrin-like repeat motifs, several phosphorylation sites (20) . It has both nuclear and cytoplasmic localization and binds to transcription factor YB-1 and to cell cycle signalling molecules such as PML 1 and p53 (23) . Recently binding studies have also demonstrated an association between Ankrd2 and titin a stretch sensitive protein implicated in muscle signal transduction (31, 16 ). Thus, we tested the hypothesis that Ankrd2 is a stretch-activated gene associated with slow muscle phenotype rather than hypertrophy.
Here we show that Ankrd2 is highly expressed in fast skeletal muscle after 4 days of passive stretch in a similar fashion to that observed for the IGF-1 splice variant mechano growth factor (MGF) (29) . This high level expression is maintained up to 7 days of passive stretch. To determine whether induction of Ankrd2 is part of the muscle's stretch-induced hypertrophic response and/or its stretch-induced expression of a slow muscle phenotype we studied its distribution in fast and slow skeletal muscles of normal animals and in an experimental rodent model the kyphoscoliosis mutant mouse wherein phenotypic gene switching occurs but is not accompanied by hypertrophy (5) . We also studied Ankrd2 expression in denervated soleus muscle, which undergoes a shift to fast muscle phenotype. We suggest that Ankrd2 is a stretch-response protein functionally downstream of titin with a role in slow muscle function.
MATERIALS AND METHODS

Experimental Procedure
All animal experiments were carried out according to the guidelines of the local Animal Care Committee and complied with the United Kingdom Animal Scientific Procedures Act 1986 or were approved by the ethical committee of the University Medical Centre Nijmegen, The Netherlands, as appropriate. Mice and rats were fed ad libitum using the same chow throughout the course of the experimental period.
Mouse Models
Firstly, we studied Ankrd2 expression in stretched TA muscle of 12 week old C57/bl10 mice. Passive stretch was achieved by plaster cast immobilization of the right hind limb in the plantar flexed position as described previously (20) . Three groups of mice were used in these experiments (n= 6). In groups 1 and 2, muscles were stretched for 4 and 7 days respectively. The third group designated "non-stretched controls" served as a reference group for normal muscle growth. Extensor digitorum longus (EDL) and soleus muscles were also dissected from the control age/gender matched group and served as reference muscles for Ankrd2 expression studies during normal growth.
Secondly we studied Ankrd2 expression in the fast muscle of kyphoscoliosis (ky) mutant mice. Ky mice carry a null-mutation in the muscle-specific ky gene encoding a putative transglutaminase/protease of unknown function, which arose spontaneously in 1970 in the BDL mouse strain (10) . The BDL strain is essentially a normal strain of mouse first mentioned by the labs of the Agricultural Research Council in Edinburgh, UK. It was developed for studies into the effects of scrapie virus infection. There is no reference to this strain in any of the main strain catalogues. Muscles of ky mice do not show the normal hypertrophic response to stretch/overload in vivo (3) . In addition all ky muscles including fast ones are smaller than those of normal BDL mice; their muscles show extreme shifts towards a slower phenotype so that for example the soleus expresses only slow myosin heavy and light chains isoforms (27) . Thus, the ky mouse provides a unique tool for the characterization of factors involved in the adaptation of skeletal muscle to a slow phenotype. Ky and BDL mice were bred as specified pathogen-free colonies at the Medical Research Council Mouse Genetics Centre, Harwell, UK and were a gift from Dr. Gonzalo Blanco. At autopsy individual TA muscles were dissected, flash frozen in liquid nitrogen and stored at -80°C.
Rat model of muscle denervation
We studied Ankrd2 expression in the soleus muscle of denervated rats. The denervation procedure has been described previously by Degens et al (9) . Briefly, 6 months old male Wistar rats were anesthetized with 4% isoflurane and 2.0 L min ) as an analgesic. The rats were killed by an overdose of pentobarbital sodium injected intraperitoneally.
Muscles were dissected after 1 (n= 5), 2 (n= 5) and 4 (n= 5) weeks of denervation, flash frozen in liquid nitrogen and stored at -80°C for analysis.
Antibodies
Synthetic peptides H 2 N-MEGPEAVQRATELC-CONH 2 and H 2 N-RPGSGRETPQPIPAQ-COOH (synthesized by Eurogentec, Belgium) derived from the Ankrd2 amino and carboxyl terminal respectively were used to generate anti-Ankrd2 antibodies. Polyclonal antibodies raised by immunization of New Zealand rabbits with keyhole-limpet hemocyanin-coupled to the Ankrd2 derived synthetic peptides (Eurogentec, Belgium) were affinity purified and their specificity for Ankrd2 confirmed by
Western blot analysis using purified mouse His-tagged Ankrd2 fusion protein as antigen and by subsequent immnuoprecipitation and mass spectrometry.
Protein Expression studies
Immunodetection
Muscle samples were homogenized in RIPA buffer containing 6 M urea and the total protein quantified using a Bradford protein assay kit (Bio-Rad, UK). For each sample, 20 or 50 µg of total protein extract were fractionated by NuPage Bis-Tris acrylamide gel electrophoresis with MOPS running buffer. SeeBlue or MagicMark pre-stained standard (Invitrogen, UK) was used as molecular weight marker. After electrophoresis, the proteins were blotted onto PVDF membrane and probed with anti-Ankrd2 polyclonal antibodies. For relative quantification blots were stripped and re-probed with anti-GAPDH antibody (Abcam, UK). Bands were visualized by chemiluminescence using Lumi-Light Plus reagent (Roche Molecular Biochemicals, UK) according to the supplier's instructions and then exposed to X-ray film.
Signal intensities were quantified directly using Imagequant software (Molecular Dynamics, UK).
Proteomic analysis of Ankrd2 in denervated rat muscle
The absence of Ankrd2 protein in the soleus muscle after 4 weeks of denervation was confirmed using a over a pH range between 3-10 in the first dimension. The protein spot at a molecular mass corresponding to Ankrd2 (37 kDa) was 'in-gel' digested with sequencing grade trypsin (Promega, UK) and the tryptic digest extracted with 1% TFA. Digests were desalted using C18 zip tips (Millipore, UK) and eluted in 50% acetonitrile/0.1% TFA solution. 0.5 µl of this eluate mixed with 0.5 µl α-cyano-4-hydroxy-cinnamic acid saturated in 70% ACN / 0.5% TFA solution, was then spotted onto a stainless steel mass spectrometry plate and analysed by MALDI-TOF mass spectrometry on a Kratos Axima CFR instrument with pulsed extraction operating at 20 kV in reflectron mode. External calibration was performed using a mixture of peptides: des-Arg-bradykinin, Angiotensin 1, Neurotensin, ACTH-39 clip (Sigma, UK).
Subsequently, peptide masses were labelled and used for database searching and protein identification using MASCOT (MatrixScience, www.matrixscience.com). were determined relative to that of the standard preparation using the LightCycler computer software vs.
3.5. Standards were prepared by successive dilutions of a fixed concentration of oligo dT derived cDNA generated from mouse gastrocnemius muscle. A standard curve was constructed for each PCR run.
Primers used for Ankrd2 amplification were AKDF100 (5'-GCTCCTGGGAAGCTGTCCAT-3' ) and AKDR575 (5' -CAGTGCATGGCTGTGCAGTC-3' ) respectively. The primers used for the GAPDH amplification were GAPDH-F (5' -CCTGGCCAAGGTCATCCATGACAA-3' ) and GAPDH-R (5' -GAGGTCCACCACCCTGTTGCTG-3' ) respectively.
Data analysis
Statistical analysis was performed using SigmaStat. Experiments were done in triplicate and signal intensities within the linear range were converted to numerical values and normalized to that obtained for GAPDH. Comparison between groups was performed using the Student's t-test. Data were expressed as means + standard deviation. Significance was accepted at the levels of p < 0.05 at a power > 0.8.
RESULTS
Expression of Ankrd2 protein in response to stretch
Densitometric quantitation of Western blotting was performed to assess the Ankrd2 protein level after 4 and 7 days of passive stretch. Figures 1A and 1B show that there is a marked increase in the expression of Ankrd2 as early as 4 days of passive stretch compared to control TA (p = 0.0057). By 7 days of passive stretch Ankrd2 levels decreased slightly, but the expression remained higher than in the control TA muscles (p =0.002). Figure 1C shows that the increase in Ankrd2 protein expression correlates with an upregulation of Ankrd2 mRNA after 4 and 7 days of stretch.
Distribution of Ankrd2 protein in fast and slow mice muscle
We have shown previously by semi-quantitative RT-PCR that Ankrd2 mRNA was expressed at very high levels within slow twitch skeletal muscles such as soleus (20) . To further elucidate the role of Ankrd2, it was important to determine the relative Ankrd2 protein levels in fast and slow muscles from normal C57/bl/10 mice. Figure 2 shows the distribution of Ankrd2 in TA, EDL and soleus muscles of 12 week old mice. The fast and slow myosin heavy chain composition in these muscles is well characterised (1, 2).
Our results show that the slow postural soleus muscle which is known to express relatively high levels of type 1 myosin heavy chain isoform contained significantly more Ankrd2 protein than did fast TA and EDL muscles which express the relatively low levels of type 1 myosin heavy chain isoform. Interestingly, our anti-Ankrd2 antibody also recognized trace amounts of a 55 kDa protein in all the skeletal muscles studied. We observed that whilst the main 37 kDa Ankrd2 protein was undetectable in cardiac muscle the 55 kDa protein was highly expressed (Fig 2A) Ankrd2 levels in control fast muscles were very low but mechanical stretch induced a marked increase in Ankrd2 expression ( Figure 3) . However, the stretch induced increase in Ankrd2 expression in fast TA muscle was still considerably less than the endogenous Ankrd2 present in slow soleus muscle possibly reflecting the small magnitude of slow phenotypic shifts associated with passive stretch during this relatively short period (unpublished observations).
Upregulation of Ankrd2 in fast muscle of ky mice
Earlier experiments have shown that the muscles of ky mice are unable to hypertrophy when overloaded and that both their fast and slow muscles exhibit a much slower muscle phenotype than the counterpart muscles in normal BDL mice (5, 27) . We therefore studied the expression of Ankrd2 in TA muscles of ky and control BDL mice. We chose to analyze the fast TA muscle, because BDL control mice express only trace amounts of Ankrd2 detectable by Western blotting in this muscle (see Figure 2 ).
Therefore any difference in Ankrd2 expression between TA muscle from control and ky mice would be readily observed. Indeed, as demonstrated in Figure 4 Ankrd2 levels were significantly higher in ky TA muscles than in the TA muscles of BDL control mice (p < 0.01) corresponding with the shift towards a slower muscle phenotype consequent to the ky mutation.
Expression of Ankrd2 in denervated rat soleus muscle
Previous studies have shown that Arpp, the human homologue of Ankrd2, is upregulated in 4 weeks denervated fast twitch gastrocnemius muscle of rats (39) . In this study we analyzed Ankrd2 expression in denervated slow twitch soleus muscle. Western blot analysis ( Figure 5A ) demonstrates that in soleus muscle Ankrd2 was markedly down regulated 1 week after denervation and was barely detectable 2 to 4 weeks after denervation. Interestingly, we observed that the 55 kDa protein seen in Figure 2 has an opposite pattern of expression in denervated muscle compared to the 37 kDa Ankrd2 protein. At present the functional significance of this 55 kDa isoform remains unclear. As the Ankrd2 protein was barely detectable in rat soleus muscle after 2 weeks of denervation by conventional western blot analysis we chose a more sensitive proteomics approach to study Ankrd2 expression in 4 weeks denervated rat soleus muscle. Figure 5B shows that even with the Ciphergen IDM bead-based proteomics approach, the 37 kDa peak corresponding to Ankrd2 in the contralateral control muscle was not detectable in soleus muscle after 4 weeks of denervation. These data confirm the specificity of our Ankrd2 antibody to the 37 kDa Ankrd2 in rat soleus muscle and also confirms the reduction of Ankrd2 following denervation
DISCUSSION
The findings of this study show that Ankrd2 protein was present at very high levels in slow contracting soleus muscles of normal adult C57/bl10 mice whereas in fast muscles such as EDL and TA which express very low levels of slow type 1 myosin heavy chain isoform (1, 2) Ankrd2 was almost undetectable. This is consistent with previous observations that Ankrd2 is associated with the slow muscle fibers (35, 39) . Further supporting this link is our observation that in soleus muscle, the slow to fast fiber transition that occurs following denervation, (17, 35) is accompanied by a rapid downregulation of Ankrd2 after 1 week of denervation to undetectable levels after 4 weeks of denervation. Given that the stretch by immobilization procedure results in hypertrophy and an increased the expression of "slow" isoforms of muscle genes (12) our data suggests that Ankrd2 upregulation in stretched TA muscle is part of its stretch-induced increase expression slow muscle genes.
Our studies on Ankrd2 expression in ky mice provide additional support for a role in slow muscle function rather than in the development of hypertrophy. In normal mice, stretch-induced hypertrophy involves activation of growth factors such as MGF, resulting in rapid muscle growth, while in dystrophic mdx mice functional overload of muscle does not activate MGF (13, 14) and even has a damaging effect on their muscles (7). Interestingly mutant ky mice also suffer from a dystrophy characterized by bilateral neonatal degeneration of slow postural muscles over the first few weeks of life. Although these dystrophic muscles completely regenerate by six weeks of age and show no further degeneration (6), neither fast nor slow muscles of ky mice hypertrophy in response to stretch/functional overload in vivo (5) . Ky muscles are also substantially smaller and qualitatively weaker than those of normal BDL mice (28) . For example, the mass of the soleus and EDL muscle in ky mice are about 25-50% respectively of the counterpart muscle in age matched BDL controls. However, ky bodyweights are about 80% of normal suggesting that as a consequence of this abnormal muscle mass to body weight ratio Ky (14) mouse muscles are in a constant state of overload (unpublished data). In the absence of an ability to undergo adaptive hypertrophy ky muscles appear to compensate by metabolically shifting biochemically towards a slower less fatigable muscle phenotype. Consistent with this is our observation that Ankrd2 expression is also higher in the fast TA muscle of ky mutant mice than in the TA muscle of BDL mice, supporting the hypothesis that induction and sustained expression of the 37 kDa Ankrd2 protein is correlated with a slow muscle phenotype.
The induction of Ankrd2 by stretch, its suppression by denervation and its upregulation in ky mouse muscles suggests that Ankrd2 activation is linked to mechanical systems that sense stretch/load. Recent studies demonstrating Ankrd2's ability to bind and interact with proteins that sense and respond to stretch such as titin, titin-associated proteins myopallidin and calpain protease p94 as well as the z-line protein telethonin (23, 33) support this notion. Titin is a giant protein that straddles the entire length of a half sarcomere from M-line to Z-disc in skeletal muscle (22, 26) . Due to its high passive elastic-recoil speed (25) and its elastic N2A stretch-sensing region within the muscle I band, it has been identified as being responsible for a large proportion of the passive tension in skeletal muscles (40) . Ankrd2 and its closest homologue cardiac ankyrin repeat-containing protein (CARP) have been localized ultrastructurally within titin's N2A domain (31) . Mechanical strain/stretch imposed on the muscle leads to large conformational changes in titin that may range from straightening to complete unfolding of its N2A and Ig-like domains (15, 32) . This stretchinduced titin unfolding has been shown to induce CARP expression and to increase the density of CARP bound to titin in cardiomyocytes in vitro (31) . As titin also has a signal transduction role in muscle (16) we suggest that Ankrd2, being the skeletal muscle homologue of CARP, is a component of a mechanotransduction system with titin at the centre, where titin determines muscle fiber passive tension and plays an intracellular signaling role.
The possible role of Ankrd2 in this mechanotransduction system is intriguing. Fast to slow phenotypic adaptation in skeletal muscle involves the repression of a fast subset of myosin genes as well as upregulation of a slow subset of myosin genes. For example 4 days of passive stretch resulted in decreased expression of the fast type 2X myosin in rabbit TA muscle (29) , whilst chronic electrical stimulation resulted in the down regulation of the fast myosin heavy chain as well as an upregulation of the type 1 myosin heavy chain (18) . Conversely denervation has been shown to repress the expression of slow type 1 myosin heavy chain mRNA soleus muscle (17) . These observations demonstrate that transcriptional regulatory mechanisms play a key role in skeletal muscle adaptation and in this context it is interesting to note that Ankrd2 has both nuclear and cytoplasmic localization sequences (23) .
Furthermore Ankrd2 mRNA is present in the developing myotome of mouse embryos from as early as E9.5 and it is expressed during myoblast fusion and maturation in vitro (20) . These expression patterns precede that of the sarcomeric proteins and strongly imply a role for Ankrd2 in myogenesis. Graphic representation of results presented as means +SD. Total protein from individual muscles were size fractionated using the NuPage gel system followed by immunostaining with anti-Ankrd2. Due to the dynamic range of the signal obtained for Ankrd2 in soleus vs. fast muscle and cardiac muscle, 50 µg of total protein was used for TA and EDL and cardiac muscle respectively whilst 20 µg of total protein was used for soleus muscle. Blots were stripped and re-probed with anti-GAPDH. individual muscles were size fractionated using the NuPage gel system followed by immunostaining with anti-Ankrd2. Contralateral muscles were used as controls. B: SELDI mass/intensity spectra of Ankrd2 in denervated soleus and the contralateral control muscle. Ankrd2 protein in denervated soleus and contralateral control muscles was captured using excess protein A/anti-Ankrd2 coupled IDM affinity beads and analyzed by SELDI-TOF using a Q10 Ciphergen protein chip array. Data is presented in "spectral" and "pseudo-gel" views. The amplitude of the 37 kDa peak corresponds directly to the levels of Ankrd2 in the respective muscle.MALDI-TOF mass spectrometry analysis was used to confirm that this 
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